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Aeroe las t i c  S tab i  1 i t y  and Response of 
Propu ls ion  Systems (ASTROP) 

ORIGINAL PAGE 1s 
OF POOR QUALITY 

The turbomachinery a e r o e l a s t i c  e f f o r t  a t  NASA Lewis 2esearch Center i s  
focused on u n s t a l l e d  and s t a l l e d  f l u t t e r ,  f o rced  response, and w h i r l  f l u t t e r  
o f  bo th  s i n g l e - r o t a t i o n  and c o u n t e r - r o t a t i o n  propfans ( f i g s .  1 & 2 ) .  I t  a l so  
i nc ludes  fo rced  response o f  t h e  space s h u t t l e  main engine (SSME)  turbopump 
b lades ( f i g .  1 ) .  Oecause o f  c e r t a i n  unique fea tu res  o f  propfans and t h e  SSME 
turbopump blades, i t  i s  n o t  poss ib le  t o  d i r e c t l y  use t h e  e x i s t i n g  a e r o e l a s t i c  
technology o f  convent ional  p rope l l e rs ,  tu rbo fans  o r  he l i cop te rs .  Therefore, 
r e l i a b l e  a e r o e l a s t i c  s t a b i l i t y  and response ana lys i s  methods f o r  these 
p ropu ls ion  systems must be developed. 
propfans r e q u i r e s  s p e c i f i c  bas ic  technology d i s c i p l i n e s ,  such as 2D and 33 
s teady and unsteady ( u n s t a l l e d  and s t a l l e d )  aerodynamic theo r ies  i n  subsonic, 
t ranson ic  and supersonic f l o w  regimes; modeling o f  composite blades; geometric 
non l i nea r  e f f e c t s ;  and pass ive  o r , a c t i v e  c o n t r o l  o f  f l u t t e r  and response. 
These methods f o r  propfans are  Pncorporated i n  a computer program ASTROP 
( f i g .  3 ) .  The program has f l e x i b i l i t y  such t h a t  new and f u t u r e  models i n  
bas i c  d i s c i p l i n e s  can be e a s i l y  implemented. 
method f o r  t u r b i n e  blades w i l l  be discussed l a t e r .  

The development o f  these methods f o r  

The fo rced  response ana lys i s  
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A p p l i c a t i o n  o f  t h e  ASTROP Code t o  I n v e s t i g a t e  F l u t t e r  
o f  a Composite SR Propfan  Model 

One v e r s i o n  o f  t h e  code c a l l e d  ASTROP3 ( r e f .  1 )  uses th ree -d imens iona l  
subson ic  s t e a d y  and uns teady  cascade aerodynamics ( r e f .  2 )  and NASTRAN ( r e f .  3 )  
f i n i t e  e lement  model t o  r e p r e s e n t  t h e  b l a d e  s t r u c t u r e .  The e q u i v a l e n t  a n i s o -  
t r o p i c  m a t e r i a l  p r o p e r t i e s  f o r  each f i n i t e  e lement  a r e  genera ted  by  u s i n g  a 
p rep rocesso r  code COBSTRAN ( r e f .  4 ) .  The e f f e c t  o f  c e n t r i f u g a l  l oads  and 
s t e a d y - s t a t e  a i r l o a d s  on t h e  s t e a d y - s t a t e  geometry o f  a composi te  w ind  t u n n e l  
model (SR3C-X2) b l a d e  i s  shown i n  f i g u r e  4 ( a ) .  
e f f e c t s  ( o r  t h e  e f f e c t  o f  number o f  b l a d e s )  on t h e  e igenva lues  a r e  shown i n  
f i g u r e  4 ( b ) .  Bo th  c e n t r i f u g a l  l o a d s  and aerodynamic l o a d s  u n t w i s t  t h e  b lades  
and t h i s  u n t w i s t  i n c r e a s e s  w i t h  r o t a t i o n a l  speed. It i s  e v i d e n t  f rom f i g -  
u r e  4 ( b )  t h a t  t h e  number o f  b lades  o r  t h e  cascade e f f e c t  i s  v e r y  s i g n i f i c a n t  
on t h e  r e a l  p a r t  o f  t h e  e i g e n v a l u e  and hence on s t a b i l i t y .  

The aerodynamic cascade 
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Comparison o f  Measured a n d  Calculated F lu t t e r  
Boundaries fo r  the SR3C-X2 Propfan Model 

Theoretical f l u t t e r  r e s u l t s  obtained from the ASTROP3 code have been 
correlated i n  f igures  5 ( a )  a n d  ( b )  with f l u t t e r  d a t a  o f  a wind tunnel p ropfan  
model ( r e f .  5 )  , SR3C-X2 , with composite blades . Theoretical resul t s  i ncl ude 
the  e f f e c t s  o f  centr i fugal  loads and  s teady-state  a i r loads .  The theory does 
reasonably well i n  predicting f l u t t e r  speeds and  slopes of the  boundaries. 
However, the  difference between the calculated and measured f l u t t e r  Mach n u m -  
bers fo r  the  four-blade case i s  g rea te r  t h a n  fo r  the eight-blade case.  This 
implies t h a t  the  theory may be overcorrecting for aerodynamic cascade e f f e c t s  
f o r  four blades . 
a lso  compared well w i t h  measured values.  However, calculated f l u t t e r  f r e -  
quencies were a b o u t  8% higher t h a n  measured. 

Cal cul ated i nterbl ade phase 9angl es  a t  f l  u t t e r  ( n o t  shown) 
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E v a l u a t i o n  o f  Two-Dimensional Unsteady Aero 
f o r  P rop fan  F l u t t e r  P r e d i c t i o n  

A c t u a l l y  t h e  ASTROP code was s t a r t e d  w i t h  two-dimensional  uns teady  

The ASTROP3 v e r s i o n  

aerodynamic t h e o r y  ( r e f .  6 )  b y  c o r r e c t i n g  f o r  b l a d e  sweep ( r e f .  1 ) .  
v e r s i o n  o f  t h e  code which uses b lade  normal modes and two-dimensional  uns teady  
aero  t h e o r y  i n  a s t r i p w i s e  manner i s  ASTROP2 ( f i g u r e  3 ) .  
uses t h r e e  d imens iona l  unsteady aero  theo ry .  To assess t h e  v a l i d i t y  o f  
two-d imens iona l  aerodynamic t h e o r y  and t h e  assoc ia ted  sweep c o r r e c t i o n ,  t h e  
r e a l  p a r t  o f  t h e  e igenva lue  o f  t h e  c r i t i c a l  mode c a l c u l a t e d  by u s i n g  b o t h  
ASTROP2 and ASTROP3 a r e  compared i n  f i g u r e  6. A l s o  i n c l u d e d  i n  t h i s  f i g u r e  i s  
t h e  measured f l u t t e r  mach number. E v i d e n t l y ,  t h e  two-dimensional  t h e o r y  i s  
l e s s  accu ra te  than  th ree-d imens iona l  t h e o r y  i n  p r e d i c t i n g  f l u t t e r  Mach number 
f o r  t h i s  case. C o r r e l a t i v e  s t u d i e s  ( n o t  shown) o f  measured and c a l c u l a t e d  
f l u t t e r  boundar ies  were a l s o  conducted by v a r y i n g  Mach number, b l a d e  sweep, 
r o t a t i o n a l  speed, and b lade  s e t t i n g  angle.  The c o r r e l a t i o n  v a r i e d  f r o m  poor  
t o  good, I n  some cases t h e  expected c o n s e r v a t i v e  n a t u r e  of t h e  
two-dimensional  t h e o r y  d i d  n o t  p r e v a i l ,  p o s s i b l y  because o f  t h e  a r b i t r a r y  
n a t u r e  o f  t h e  re fe rence  l i n e  which i s  employed i n  t h e  s t r ip -method,  and t h e  
assoc ia ted  sweep c o r r e c t i o n .  

The 
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Propfan  Blade M i s t u n i n g  Models 

Understanding t h e  e f f e c t s  o f  b lade  m i s t u n i n g  on v i b r a t i o n ,  f l u t t e r  and 
fo rced  response o f  tu rbomach inery  r o t o r s  i s  a c u r r e n t  research  t o p i c  because 
m i s t u n i n g  a f f e c t s  f l u t t e r  and response behav io r .  
exper imenta l  i n v e s t i g a t i o n  o f  m i s t u n i n g  i n  p r o p f a n  f l u t t e r  was conducted i n  
r e f .  7. 
a n a l y t i c a l  model and b lade  p l y  d i r e c t i o n s  used i n  c o n s t r u c t i n g  t h e  wind t u n n e l  
model a re  shown i n  f i g u r e s  7 ( a )  and ( b ) ,  r e s p e c t i v e l y .  The a n a l y t i c a l  model, 
which i s  more genera l  t han  t h e  wind tunne l  model, i s  based on normal modes o f  a 
r o t a t i n g  composi te b lade  and subsonic unsteady l i f t i n g  s u r f a c e  aerodynamic 
theory .  
b lades  d i f f e r  because o f  t h e  p l y  ang le  v a r i a t i o n s  between t h e  blades. The 
f i r s t  mode f r e q u e n c i e s  o f  b o t h  t h e  b lades  a re  v e r y  c l o s e  and were i n s e n s i t i v e  
t o  p l y  angles.  
i s  about 12 Dercent h i a h e r  than  t h a t  of t h e  -X2 blade. More d e t a i l s  can be 

An a n a l y t i c a l  and 

A schematic f o r  an e igh t -b laded  mistuned r o t o r  i n  f o r m u l a t i n g  t h e  

The n a t u r a l  f requenc ies  and mode shapes o f  t h e  SR3C-XZ and -3 model 

However, t h e  average second mode f requency  of t h e  SR3C-3 b l a d e  

found i n  r e f :  7. 
d 
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Comparison o f  E igenva lues  o f  Tuned 
and Mis tuned Propfan  Models 

To i l l u s t r a t e  t h e  e f f e c t  o f  m i s t u n i n g  (wh ich  i s  p a r t l y  aerodynamic and 
s t r u c t u r a l )  t h e  c a l c u l a t e d  r e a l  and imag ina ry  p a r t s  o f  e igenva lues  o f  t h e  
SR3C-X2 (8-b laded tuned r o t o r )  , SR3C-3 (8-bladed tuned r o t o r )  , and mixed 
(mis tuned)  r o t o r  were compared i n  f i g u r e  8 .  
f e rences  i n  b l a d e  steady-state geometry, f requenc ies ,  and mode shapes. The 
e igenva lues  a r e  f o r  a l l  i n t e r b l a d e  phase ang les  o f  t h e  mode w i t h  l o w e s t  
damping. The c a l c u l a t i o n s  were performed by t r e a t i n g  t h e  SR3C-X2 and -3  
r o t o r s  as tuned and t h e  mixed r o t o r  as an i d e a l i z e d  a l t e r n a t e l y  m is tuned  
r o t o r - - f o u r  i d e n t i c a l  b lade  p a i r s  w i t h  two d i f f e r e n t  b lades  i n  each p a i r .  
Comparison o f  r o o t  l o c i  i n d i c a t e s  t h a t  t h e  area  o f  t h e  approximate e l l i p s e  
f o r  t h e  SR3C-X2 i s  g r e a t e r  t han  t h a t  o f  SR3C-3, i n d i c a t i n g  a s t r o n g e r  aero-  
dynamic c o u p l i n g  between t h e  b lades  o f  t h e  SR3C-X2 r o t o r .  
s t a b i l i t y  o f  t h e  tuned r o t o r s  i s  due t o  t h e  d i f f e r e n c e  i n  b lade  s t i f f n e s s  and 
mode shapes because o f  t h e  d i f f e r e n t  p l y  ang les  o f  t h e  b lades .  The r e s u l t s  
a l s o  show t h a t  m i x i n g  t h e  b lades  s i g n i f i c a n t l y  a f f e c t e d  t h e  e igenva lues  and 
r e s u l t e d  i n  a r o t o r  w i t h  a g r e a t e r  damping t h a n  t h e  l o w e s t  damped mode o f  
e i t h e r  tuned r o t o r .  

The m i s t u n i n g  i s  due t o  t h e  d i f -  

The d i f f e r e n c e  i n  
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Comparison o f  Measured and C a l c u l a t e d  F1 u t t e r  Boundar ies 
f o r  Tuned and Mis tuned Propfan  Models 
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Measured and c a l c u l a t e d  r e s u l t s  f o r  t h e  tuned r o t o r  SR3C-XZ and mis tuned 
r o t o r  SR3C-X2/SR3C-3 a r e  compared i n  f i g u r e  9. 
r o t o r  were made w i t h  t h e  c a l c u l a t e d  modes and f requenc ies ,  excep t  t h a t  t h e  
measured second mode f requency  was s u b s t i t u t e d  f o r  t h e  c a l c u l a t e d  one. 
c a l c u l a t e d  f l u t t e r  Mach numbers f o r  t h e  SR3C-XZ a r e  l e s s  than  t h e  measured 
ones f o r  a l l  r o t a t i o n a l  speeds. The agreement would be b e t t e r  i f  t h e  e f f e c t s  
o f  s teady  a i r l o a d s  and s t r u c t u r a l  damping were i n c l u d e d  i n  c a l c u l a t i o n s  (see 
r e f .  1 f o r  d e t a i l e d  d i s c u s s i o n ) .  The agreement o f  t h e  mixed r o t o r  i s  b e t t e r ,  
b u t  would become u n c o n s e r v a t i v e  i f  s teady  a i r l o a d s  and s t r u c t u r a l  damping were 
i n c l u d e d  i n  t h e  t h e o r y .  
exper iment  i s  more t h a n  s a t i s f a c t o r y .  For  a d d i t i o n a l  d e t a i l s  and r e s u l t s  see 
r e f .  7 .  
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Comparison o f  Measured and Calculated Vibratory 
S t ress  Amplitudes of a Propfan Model 

A new fea ture  of the  ASTROP3 code under development i s  the capabi l i ty  t o  
perform a modal forced response v i b r a t i o n  analysis  o f  aerodynamically excited 
propfans. Figure 10 depicts  a s ing le- ro ta t ion ,  advanced p ropfan  wind  tunnel 
model (SR5, 10 meta l l ic  b lades) ,  r e f .  8 ,  operating i n  a generally uniform, 
steady inflow f i e l d ,  incl ined a t  a small angle w i t h  respect t o  the ax is  o f  
ro t a t ion .  A l t h o u g h  the absolute inflow f i e l d  i s  constant ,  r o t a t i o n  o f  the 
p ropfan  r e su l t s  i n  ve loc i t i e s  w i t h  o s c i l l a t o r y  components r e l a t ive  t o  the 
blades.  Under such condi t ions,  ASTROP3 i s  able  t o  determine the o s c i l l a t o r y  
l o a d i n g  d i s t r ibu t ions  over the propfan blades a t  various exc i ta t ion  f r e -  
quencies and ca lcu la te  the vibratory displacements a n d  s t r e s ses  of  the p r o p -  
fan.  The t ab le  shows measured and preliminary calculated one per rev 
vibratory s t r e s s  amplitudes f o r  the SR5 blade. Also included in  the t ab le  
a re  the calculated r e su l t s  f rom-ref .  9 by using a 2-D  unsteady aerodynamic 
theory. 
reason for t h i s  difference i s  being invest igated.  

Comparison shows t h a t  2'&D r e su l t s  a r e  be t t e r  t h a n  3-D r e s u l t s .  The 
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S t a l l  F l u t t e r  Ana lys i s  Methods 

The t h i r d  f e a t u r e  o f  t h e  ASTROP code i s  a s t a l l  f l u t t e r  a n a l y s i s  which i s  

S t a l l  f l u t t e r  

i n  ASTROPS. Under take-of f  cond i t i ons ,  t h e  propfan blades operate a t  h i g h  
angles o f  a t t a c k  and have t h e  p o t e n t i a l  t o  s t a l l  f l u t t e r ,  t r i g g e r e d  by 
separated f l o w  d u r i n g  p a r t  of every c y c l e  o f  o s c i l l a t i o n .  
speeds a re  very low and t h e  forces due t o  v i b r a t i o n  a t  t h e  s t a l l  c o n d i t i o n  
(dynamic s t a l l )  are an o rde r  of magnitude h i g h  compared t o  f o r c e s  i n  separated 
f l o w  w i t h  no v i b r a t i o n .  P r e d i c t i o n  of forces d u r i n g  dynamic s t a l l  has been a 
c o n t i n u i n g  research e f f o r t .  Some p r e d i c t i o n  methods are reviewed i n  r e f .  10, 
and t h e i r  c l a s s i f i c a t i o n  i s  shown i n  f i g u r e  11. The Navier-Stokes s o l v e r s  
(N.S.S.), v o r t e x  methods, and t h e  zonal methods at tempt t o  so lve t h e  f l u i d  
mechanics equat ions i n  t h e i r  fundamental form by numerical  techniques w i t h  
va ry ing  degrees o f  s i m p l i f i c a t i o n s  and assumptions. These models r e q u i r e  a 
s i g n i f i c a n t  amount o f  computer t ime and t h e r e f o r e  are n o t  s u i t a b l e  f o r  r o u t i n e  
a e r o e l a s t i c  ana lys i s .  I n  semi-empir ica l  models an a n a l y t i c a l  approximat ion i s  
at tempted t o  approx imate ly  reproduce measurements f o r  example, by way o f  
a n a l y t i c a l  curve f i t  t o  wind tunnel  data. The semi-empir ica l  models take l e s s  
computer t ime  t o  so l ve  and can be used i n  a r o u t i n e  a e r o e l a s t i c  ana lys i s .  
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SEMI-EMPIRICAL MODELS 
BASED ON N.S.S.  

NAVIER-STOKES SOLVER 
MODEL MODEL 

I 

VORTEX METHODS 
ZONAL METHODS P 
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Comparison o f  Measured and Calcu lated S t a l l  F l u t t e r  Resu l t s  
o f  an Unswept Propfan Model 

Recent ly  two semi-empir ical  dynamic s t a l l  models, designated as model A 
and model 6, were app l i ed  t o  an unswept propfan model (SR-2, 8 m e t a l l i c  
b lades ) .  The c a l c u l a t e d  l o g a r i t h m i c  decrement o f  t h i r d  mode response as a 
f u n c t i o n  o f  b lade p i t c h  angle i s  shown i n  f i g u r e  12. A l so  inc luded i n  t h e  
f i g u r e  i s  t h e  b lade p i t c h  angle a t  which t h e  b lade i s  unstable i n  a wind 
tunne l  experiment. Model A ( r e f .  11) incorporates t h e  unsteady e f f e c t s  i n  
s t a l l  us ing  o n l y  one s t a l l  parameter t h a t  r e l a t e s  t h e  dynamic s t a l l  angle and 
t h e  non-dimensional r a t e  o f  angle-of -at tack.  The s t a l l  parameter i s  g i ven  as 
a f u n c t i o n  o f  Mach number and a i r f o i l  t h i ckness  t o  chord r a t i o .  Model B ( r e f .  
12) i s  a synthes ized da ta  method t o  dynamic s t a l l  modeling. An a n a l y t i c a l  
curve i s  f i t t e d  f o r  t h e  wind tunne l  da ta  obta ined froin o s c i l l a t i n g  a i r f o i l  
t e s t s .  The e m p i r i c a l  parameters i n  t h e  inodel a re  obta ined from t h i s  f i t .  
However, exper imental  dynamic da ta  i s  n o t  a v a i l a b l e  f o r  propfan a i r f o i l  
sec t i ons  (16 s e r i e s ) .  Therefore, i n  implement ing model B f o r  propfan 
a p p l i c a t i o n ,  t h e  dynamic da ta  corresponding t o  NLR-1 a i r f o i l  was used, even 
though t h e  a i r f o i l  geometries are d i f f e r e n t .  However, f o r  t h e  case s t u d i e d  
here, t h e  Mach number range For  which t h e  da ta  a v a i l a b l e  f o r  t he  NLR-1 a i r f o i l  
corresponds t o  the  h e l i c a l  Mach number ( a t  zero f rees t ream Mach number) due t o  
r o t a t i o n  o f  t h e  p rop fan  model. In s p i t e  o f  t he  d i f f e r e n c e s  i n  dynamic data, 
t h e  e m p i r i c a l  models chosen p r e d i c t e d  a q u a l i t a t i v e  s t a l l  f l u t t e r  behavior  f o r  
t h e  case s tud ied.  Both t h e  models p r e d i c t e d  t h a t  t h e  s t a l l  f l u t t e r  response 
occurred i n  t h i r d  mode as was found i n  t h e  experiment a t  a r o t o r  speed o f  8500 
rpin. 
occurred i s  lower than t h a t  o f  t h e  experiment (30'), model B p r e d i c t e d  a 
c l o s e r  va lue (28.25') compared t o  t h a t  p r e d i c t e d  by model A ( 2 5 " ) .  
c a l c u l a t e d  frequency a t  s t a l l  f l u t t e r  c o n d i t i o n  i s  about 10% h ighe r  than t h e  
experiment a1 data. 

However, t h e  c a l c u l a t e d  b lade p i t c h  angles a t  which t h e  s t a l l  f l u t t e r  

The 
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S t a l l  F l u t t e r  A n a l y s i s  w i t h  Nav ie r -S tokes  Code 

A s o l  u t i o n  procedure  i s  desc r ibed  f o r  d e t e r m i n i n g  t h e  two-dimensional  , 
one- o r  two-degree-of- f reedom f l u t t e r  c h a r a c t e r i s t i c s  o f  a r b i t r a r y  a i r f o i l s  a t  
l a r g e  a n g l e s - o f - a t t a c k  (see r e f .  1 2 ) .  The same procedure  i s  used t o  p r e d i c t  
s t a l l  f l u t t e r  i n c l u d i n g  separa ted  f l o w .  T h i s  p rocedure  r e q u i r e s  a s i m u l -  
taneous i n t e g r a t i o n  i n  t i m e  o f  t h e  s o l i d  and f l u i d  equa t ions  o f  mo t ion .  The 
f l u i d  equa t ions  a r e  t h e  unsteady compress ib le  Nav ie r -S tokes  equa t ions ,  s o l v e d  
i n  a b o d y - f i t t e d  moving c o o r d i n a t e  system u s i n g  an approx imate  f a c t o r i z a t i o n  
scheme. The s o l i d  equa t ions  a r e  i n t e g r a t e d  i n  t i m e  u s i n g  an E u l e r  i m p l i c i t  
scheme. Severa l  s p e c i a l  cases, f i g u r e s  13-15, a r e  p resen ted  t o  demonstrate 
t h e  c a p a b i l i t y  o f  t h i s  scheme t o  p r e d i c t  t r a n s o n i c  f l u t t e r  and s t a l l  f l u t t e r  
w i t h  l a r g e  separa ted  f l o w .  

t o  p r e d i c t  t h e  h i g h l y  separa ted  f l o w s .  
NACA 0012 a i r f o i l  o s c i l l a t i n g  i n  p i t c h  a t  l a r g e  a n g l e - o f - a t t a c k  i s  shown and 
compared w i t h  exper imen t  i n  f i g u r e  13. 
l a t i o n  was 15 degrees and 10  degrees r e s p e c t i v e l y .  
based on semi-chord was 0.151. The f rees t ream Mach number and Reynolds num- 
b e r  were 0.283 and 3.45 m i l l i o n  r e s p e c t i v e l y .  I t  i s  seen f rom f i g u r e  13  t h a t  
t h e  Nav ie r -S tokes  s o l v e r  produces l i f t ,  drag, and moment c o e f f i c i e n t s  wh ich  
a r e  i n  a reasonab le  agreement w i t h  t h e  measured ones. The f a c t  t h a t  t h e  f l o w  
s o l v e r  i s  a b l e  t o  c a p t u r e  much o f  t h e  dynamic s t a l l  f l o w  f e a t u r e s  i nc reases  
t h e  con f idence  i n  t h e  c a p a b i l i t y  o f  t h i s  code f o r  s t a l l  f l u t t e r  p r e d i c t i o n s .  

The f i r s t  case i s  shown t o  i l l u s t r a t e  t h e  c a p a b i l i t y  o f  t h e  p r e s e n t  s o l v e r  
The aerodynamic c o e f f i c i e n t s  o f  an 

The mean ang le  and a m p l i t u d e  o f  o s c i l -  
The reduced f requency  
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Comparison o f  F l u t t e r  Speeds f r o m  Eu le r ,  UTRANSZ, 
and LTRANZ Codes 

A second s p e c i a l  case cons idered f o r  v a l i d a t i o n  o f  t h e  Nav ie r -S tokes  
s o l v e r  i s  i t s  E u l e r  v e r s i o n  t o  c a l c u l a t e  t r a n s o n i c  f l u t t e r  speed. 
t r a n s o n i c  f l u t t e r  speeds a t  v a r i o u s  mass - to -a i r  r a t i o s  f o r  NACA 64006 a i r f o i l  
o s c i l l a t i n g  i n  p i t c h  and p lunge a t  Mach number 0.85 a r e  shown i n  f i q u r e  14. 
Yeveral  o t h e r  v a l i d a t i o n  cases a r e  r e p o r t e d  i n  r e f .  13. The r e s u l t s  f r o m  
UTRAFISZ ( re f .14)  and LTRAMZ ( r e f .  15) a r e  a l s o  i n c l u d e d .  Very good agreement 
between p resen t  E u l e r  and UTRArJSZ code r e s u l t s  i s  found. A Q u a l i t a t i v e  
agreement between p r e s e n t  and LTI?C,NZ r e s u l t s  i s  found, t o o .  

P r e d i c t e d  

12 

10 

8 
FLUTTER 
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4 
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- LTRAN2 
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--- 
0. 

Figure 14 I 
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Plunging and P i t c h i n g  S t a l l  Response 

The t h i r d  case considered w i t h  t h e  Navier-Stokes code i s  t h e  p r e d i c t i o n  
o f  f l u t t e r  a t  l a r g e  mean angle-of -at tack,  i n c l u d i n g  f l o w  separat ions.  The 
t ime  response o f  p lung ing  and p i t c h i n g  displacements and l i f t  and moment 
c o e f f i c i e n t s  o f  an NACA 0012 a i r f o i l  i s  shown i n  f i g u r e  15. The a i r f o i l  was 
i n i t i a l l y  subjected t o  a s i n u s o i d a l  p i t c h i n g  o s c i l l a t i o n  f rom 5 t o  25 
degrees. Dur ing t h e  downstroke, around 23.8 degrees, t he  a i r f o i l  was re leased 
and was al lowed t o  f o l l o w  a p i t c h i n g  and p lung ing  motion. The dimensionless 
speed i s  v a r i e d  f rom 4 t o  8. The response o f  t h e  a i r f o i l  i s  s t a b l e  when t h e  
speed i s  4 and i s  uns tab le  when t h e  speed increases t o  8. It was found t h a t  
t h e  growing response i s  induced by t h e  separated f l o w  over t h e  a i r f o i l  a t  
l a r g e  angle-of -at tack.  
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F u l l  P o t e n t i a l  Unsteady (Cascade) Aero Model 

A compress ib le ,  unsteady, f u l l  p o t e n t i a l ,  f i n i t e  d i f f e r e n c e  code i s  b e i n g  
developed f o r  mode l i ng  2D/3D f l o w  th rough  s i n g l e  r o t a t i o n  prop fans  and o t h e r  
tu rbomach inery  r o t o r s .  The procedure  i n t r o d u c e s  a de fo rm ing  g r i d  w i t h  a u n i -  
fo rm shear  mesh. The numer ica l  scheme i s  based on f i n i t e  volume and i m p l i c i t  
t i m e  march ing  techn ique .  The 2-D code i s  v e c t o r i z e d  and v e r i f i e d  by a p p l y i n g  
i t  t o  s e v e r a l  s p e c i a l  cases. Two such cases a r e  shown i n  f i g u r e  16. For  
comparison, t h e  r e s u l t s  f rom r e f s .  16 and 17 a r e  a l s o  i n c l u d e d .  
v e r y  coarse  g r i d  i s  used i n  t h e  p resen t  c a l c u l a t i o n s ,  t h e  agreement between 
t h e  p r e s e n t  r e s u l t s  and those o f  r e f s .  16 and 17 i s  v e r y  good. 
3-D code i s  i n  p rog ress .  

Even though a 

V a l i d a t i o n  o f  
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CR Propfan  3-D Steady and Unsteady Aero Model 

An incompress ib le ,  s teady  and unsteady aerodynamic model i s  b e i n g  d e v e l -  
oped i n  r e f .  18  f o r  mode l i ng  f l o w  th rough  coun te r  r o t a t i o n  p rop fans .  The model 
. i s  based on t i m e  domain s o l u t i o n  i n  c o n j u n c t i o n  w i t h  panel method. T h i s  model 
i s  a p p l i c a b l e  f o r  c a l c u l a t i n g  performance and s t a b i l i t y  o f  b o t h  s i n g l e  and 
c o u n t e r  r o t a t i o n  propfans i n c l u d i n g  i n t e r a c t i o n  f rom wing. 
v e r i f i e d  by  a p p l y i n g  t o  s e v e r a l  s p e c i a l  cases. One such case i s  shown i n  f i g -  
u r e  17 i n  wh ich  p resen t  r e s u l t s  a r e  compared w i t h  t h e  cor respond ing  ones i n  
r e f .  19.  See r e f .  18  f o r  a d d i t i o n a l  v a l i d a t i o n s  and f o r  d e t a i l s .  T h i s  code 
w i l l  be extended t o  compress ib le  f l o w ,  and, then, w i l l  be merged w i t h  ASTROP 
code s t r u c t u r a l  modules t o  p r e d i c t  f l u t t e r  o f  coun te r  r o t a t i n g  p rop fans .  

The code i s  b e i n g  
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Propfan Wind Tunnel Flutter Models 

Figure 18 shows propfan blade wind tunnel models that have had flutter. 
These blades are not aeroelastically scaled models and were made for 
aerodynamic performance tests. However, the SR3C-XZ and -3 models were 
specifically designed for flutter and forced response experiments, 
respectively. One single rotation model had stall flutter, SR-2. The other 
two had unstalled flutter SR3C-X2 and SR-5.  The flutter data from these 
models has been used to verify the analysis methods discussed earlier. 
three counter-rotation models shown have had unstalled flutter. The 
correlation of this data with analysis is in progress. 

The 
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Forced Response o f  SSME Turbopump Blades 

- 

The s t a t e - o f - t h e - a r t  i n  f o r c e d  response a n a l y s i s  o f  tu rbomach inery  
b l a d i n g  i s  t o  s i m p l y  c a l c u l a t e  t h e  b l a d e  n a t u r a l  f r e q u e n c i e s  and t r y  t o  a v o i d  
known f o r c i n g  f r e q u e n c i e s  (Campbe.11 Diagram).' Forced response c a l c u l a t i o n s  
a r e  n o t  a t tempted.  T h i s  can l e a d  t o  unexpected b l a d e  c rack ing .  The o b j e c t i v e  
o f  t h i s  r e s e a r c h  i s  t o  deve lop  a f o r c e d  response p r e d i c t i o n  method f o r  
turbopump b lades .  The f l o w  c h a r t  f o r  t h i s  method i s  shown i n  f i g u r e  19. The 
development w i l l  p roceed i n  t h r e e  p a r a l l e l ,  i n t e g r a t e d  tasks .  The f i r s t  t a s k  
c o n t i n u e s  e x i s t i n g  in -house r e s e a r c h  t o  deve lop  a model (M-Stage) o f  t h e  3D, 
t ime-averaged,  f l o w  f i e l d  w i t h i n  a passage o f  a b l a d e  row embedded i n  a 
m u l t i - s t a g e  machine. T h i s  lnodel i d e n t i f i e s  t h e  d i s t o r t e d  ( i . e .  
non-ax isymmet r ic )  f l o w  f i e l d  genera ted  by  n e i g h b o r i n g  b l a d e  rows. T h i s  
i n f o r m a t i o n  serves  as i n p u t  t o  Task 2. The second t a s k  w i l l  deve lop  a model 
(LINPOT) t o  p r e d i c t  t h e  unsteady aerodynamic l oads  genera ted  by t h e  f l o w  
d i s t o r t i o n .  T h i s  model w i l l  c o n s i s t  o f  an unsteady,  l i n e a r i z e d ,  p o t e n t i a l  
f l o w  s o l v e r ,  and a l i n e a r i z e d ,  convec ted  g u s t  s o l v e r .  The model w i l l  be 
a p p l i c a b l e  t o  t h i c k ,  h i g h l y  cambered t u r b i n e  b lades .  
e x i s t i n g  in -house r e s e a r c h  t o  deve lop  a model (FREPS) f o r  i n t e g r a t e d  f o r c e d  
response p r e d i c t i o n s .  T h i s ' m o d e l  w i l l  i n t e g r a t e  t h e  M-STAGE model o f  t a s k  1 
w i t h  t h e  LINPOT model o f  t a s k  2 and a s t r u c t u r a l  dynamic model. Two 
s t r u c t u r a l  dynamic models w i l l  be used. I n i t i a l l y ,  a s i m p l i f i e d  two 
degree-o f - f reedom b l a d e  model w i l l  be i n c o r p o r a t e d .  T h i s  w i l l  be f o l l o w e d  by 
a comple te  modal b l a d e  model. The r e s u l t  o f  t h i s  research  w i l l  be a system t o  
c a l c u l a t e  t h e  f o r c e d  response o f  a turbopump b l a d e  embedded i n  a m u l t i - s t a g e  
t u r b i n e .  The b e n e f i t  w i l l  be a marked r e d u c t i o n  i n  occur rences  o f  unexpected 
b l a d e  c r a c k i n g .  T h i s  system w i l l  a l s o  be a p p l i c a b l e  t o  b l a d i n g  i n  
a e r o n a u t i c a l  p r o p u l s i o n  systems. 

The t h i r d  t a s k  c o n t i n u e s  

- 

PREFER - M I SER2 CROUT 

1 - 
M-STAGE 
TASK 1 

AIRLOADS I WHEAD E l  
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Figure 19 
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2D Unsteady, Viscous Cascade Aero Model 

A compressible, unsteady, full Navier-Stokes, finite difference code has 
been developed for modeling transonic flow through two-dimensional, 
oscillating cascades. 
technique to capture the motion of the airfoils. The use of a deforming grid 
is convenient for treatment of the outer boundary conditions since the outer 
boundary can be fixed in space, while the inner boundary moves with the blade 
motion. 
reference 20. 
presented in reference 21. 

The procedure introduces a deforming grid (fig. 20) 

The code is an extension of the isolated airfoil code developed in 
More results validating the deforming grid technique are 

20 UNSTEADY VISCOUS CASCADE AERO MODEL 

2D UNSTEADY VISCOUS CASCADE AERO MODEL 

Figure 20 
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Pressure Coe f f i c i en ts  f o r  an NACA 0012 Cascade 
w i t h  Viscous E f f e c t s  

The deforming g r i d  technique has been used t o  p r e d i c t  t h e  l oad  h i s t o r i e s  
f o r  a NACA 0012 cascade w i t h  zero i n t e r - b l a d e  phase angle and zero stagger.  
Two f l o w  c o n d i t i o n s  were s e l e c t e d  t o  i n v e s t i g a t e  bo th  subsonic and t r a n s o n i c  
f l ow .  The cascade has a gap t o  chord r a t i o  o f  one, M = 0.60 and 0.67, Re = 
3.21 m i l l i o n ,  % = 0.0 degrees, p i t c h i n g  22.0 degrees, and k = 0.20 
(reduced frequency based on semi-chord). 
c o e f f i c i e n t  d i s t r i b u t i o n  was done f o r  t h e  f i r s t  harmonics. The r e s u l t s  are 
shown i n  f i g u r e  21. Fu tu re  work w i l l  i n v e s t i g a t e  non-zero i n t e r - b l a d e  phase 
angles and w i l l  compare p r e d i c t i o n s  w i t h  exper imenta l  d a t a  f rom t h e  NASA Lewis 
Transonic  O s c i l l a t i n g  Cascade F a c i l i t y .  

A F o u r i e r  t rans fo rm on t h e  p ressu re  
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3-0 Unsteady Eu le r  Ana lys i s  

The t h r e e  dimensional unsteady Eu le r  ana lys i s  f o r  an i s o l a t e d  wing 
developed i n  r e f .  22 has been r e c e n t l y  extended t o  propfans. 
ve rs ion  o f  t h e  code i s  be ing u t i l i z e d  t o  s tudy t h e  e f f e c t  t h a t  propfan 
ang le-o f -a t tack  has on t h e  unsteady b lade load ing  o f  a s i n g l e  r o t a t i o n  prop fan  
design. 
The program w i l l  be used t o  p r e d i c t  t h e  unsteady l o a d i d  on t h e  propfan 
r e c e n t l y  t e s t e d  i n  a two-bladed c o n f i g u r a t i o n  as p a r t  o f  t h e  Large-Scale 
Advanced Propfan (LAP) program. 
was t o  o b t a i n  d e t a i l e d  steady and unsteady b lade sur face  pressure measurements 
f o r  benchmarking computer models. 
t h a t  t h e  b lades a re  r i g i d .  
coding necessary t o  a l l o w  t h e  b lades t o  respond t o  t h e  unsteady load ing  thus  
a l l o w i n g  t h e  program t o  be used i n  a e r o e l a s t i c  f o r c e d  response p r e d i c t i o n s .  
Sample pressure  contours  on b lades o f  a p rop fan  are  shown i n  f i g u r e  22. 

Th i s  extended 

The code i s  capable o f  modeling t h e  complete pfiopfan con f igu ra t i on .  

P a r t  o f  t he  o b j e c t i v e  o f  t h i s  t e s t  program 

Presen t l y  t h i s  computer program assumes 
I t i s  planned t o  look  a t  t h e  fo rmu la t i on  and 

Figure 22 
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2-D Unsteady Per tu rba t i on  Ana lys is  f o r  Cascades 

I n  o rder  t o  study t h e  e f f e c t  t h a t  b lade sweep has on the  f l u t t e r  behavior  
o f  a cascade o f  a i r f o i l s  ope ra t i ng  i n  t h e  t ranson ic  f l o w  regime, t h e  
l i n e a r i z e d  unsteady ana lys i s  developed i n  r e f .  17 i s  being u t i l i z e d .  T h i s  
ana lys i s  p r e d i c t s  the  unsteady l oad ing  r e s u l t i n g  f rom small ampl i tude harmonic 
mot ion o f  t he  blades i n  a two-dimensional cascade opera t ing  i n  an i n v i s c i d  
subsonic o r  t ranson ic  f low.  The unsteady p o t e n t i a l  i s  obta ined f rom a 
p e r t u r b a t i o n  ana lys i s  app l ied  t o  the  steady f l o w  so lu t i on .  Thus, t he  unsteady 
ana lys i s  i s  ab le  t o  i nc lude  t h e  e f f e c t s  o f  f i n i t e  mean load ing  on t h e  unsteady 
response. A t  LeRC, t h e  t ranson ic  p o t e n t i a l  code developed i n  re fe rence 23 i s  
u t i l i z e d  i n  c a l c u l a t i n g  t h e  steady f l o w  f i e l d .  Sample unsteady pressures 
c a l c u l a t e d  f o r  a cascade o f  NACA 0012 a i r f o i l s  ( a t  Mach number 0.6, s tagger  
angle 45" and mean inc idence angle 9") by us ing  the  combined code are shown i n  
f i g u r e  23. 
t h e  p r e d i c t i o n  o f  t h e  f l u t t e r  behavior  o f  f a n  and propfan designs which 
i nc lude  t h e  e f f e c t  o f  r e a l i s t i c  reduced f requencies and b lade geometries. The 
r e s u l t i n g  computer program w i l l  be benchmarked against  exper imental  cascade 
da ta  and then app l i ed  t o  s tudy t h e  e f f e c t  t h a t  b lade sweep has on t h e  f l u t t e r  
behavior  o f  a cascade o f  a i r f o i l s .  

The combinat ion o f  these steady and unsteady programs a l l ows  f o r  

UNSTEADY 
PRESSURE 

DIFFERENCE 

TYPICAL MESH 

21.6 

15.4 

9.2 

3.0 

-3.2 

-9.4 

[ REAL I HAG I NARY 

0 . 1  .2 . 3  .4 .5 .6 .7 .8 .9 1.0 
x/c 

F i g u r e  23 
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Unsteady Swept Cascade Experiments 

The e f f e c t  o f  b lade sweep on t h e  f l u t t e r  behavior  o f  a cascade of 
a i r f o i l s  i s  be ing s tud ied  i n  t h e  t ranson ic  o s c i l l a t i n g  cascade f a c i l i t y ,  
f i g u r e  24. This  s tudy i s  be ing  conducted t o  determine i f  c l a s s i c a l  sweep 
c o r r e c t i o n s  a p p l i c a b l e  f o r  f i x e d  wing f l ows  are  v a l i d  f o r  o s c i l l a t i n g  a i r f o i  1s 
i n  a t o r s i o n a l  mot ion w h i l e  ma in ta in ing  a se lec ted  i n t e r b l a d e  phase angle 
between adjacent  blades. 
b lade mounted h i g h  response pressure t ransducers.  
t e s t i n g  w i l l  i n v o l v e  t h e  use o f  unswept a i r f o i l s  i n  o rder  t o  p rov ide  a 
base l i ne  s e t  o f  da ta  f o r  benchmarking t h e  computer programs t o  be used i n  t h i s  
study. 
be r u n  t o  determine t h e  e f f e c t  o f  inc idence angle, Mach number, reduced 
f requency and i n t e r b l a d e  phase angle on the  f l u t t e r  behavior  o f  t he  swept 
cascade. 

The unsteady l oad ing  i s  determined by a number of 
The i n i t i a l  phase o f  

The swept . a i r f o i l s  w i l l  then  be i n s t a l l e d  and a s e r i e s  o f  t e s t s  w i l l  

Figure 24 
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.._ 
Three-Dimensional Gust Model f o r  a P r o p e l l e r  Blade 

A p r o p e l l e r  b lade ( f i g u r e  25)  r o t a t i n g  i n  a nonuni form upstream f l o w  
encounters an unsteady f l o w  f i e l d ,  even when t h e  nonuni form upstream f l o w  i s  
steady. For s t r a i g h t  bladed p r o p e l l e r s ,  t h e  unsteady f l o w  o f  t h e  p r o p e l l e r  
can be approximated by a two-dimensional wing i n  a three-dimensional  gus t  as 
shown i n  f i g u r e  25. For smal l  ampl i tude disturbances, t h e  unsteady f l o w  f i e l d  
may be obta ined as a p e r t u r b a t i o n  about t h e  u n d e r l y i n g  steady f low.  
governing equat ion i s  a l i n e a r ,  nonconstant c o e f f i c i e n t ,  inhomogenous, 
convect ive wave equation, see r e f s .  24 and 25. A f i n i t e  d i f f e r e n c e  scheme i s  
used t o  so l ve  f o r  t h e  p e r t u r b a t i o n  p o t e n t i a l .  
i n  f i g u r e  26. 

The 

Some sample r e s u l t s  a re  shown 

@ P-- 

,Q 
U 

t - " I  

Figure 25 



V a r i a t i o n  o f  Unsteady L i f t  C o e f f i c i e n t  
o f  12% Thick, Symmetric Joukowski 

A i r f o i l  i n  a Transverse Gust 

-.64 

The governing wave equat ion f o r  t h e  model descr ibed i n  f i g u r e  25 i s  
solved f o r  p e r t u r b a t i o n  p o t e n t i a l  by us ing a f i n i t e  d i f f e r e n c i n g  scheme. Fo r  
a symmetric a i r f o i l  i n  a t ransve rse  gust t h e  r e a l  and imaginary p a r t s  o f  t h e  
l i f t  a t  Mach number 0.6 and w i t h  reduced frequency as parameters are shown i n  
f i g u r e  26. A lso i nc luded  i n  t h e  f i g u r e  i s  t h e  corresponding curve f o r  t h e  
f l a t  p l a t e .  Comparing the  f l a t  p l a t e  and 12% t h i c k  a i r f o i l  r e s u l t s ,  i t  i s  
observed t h a t  t h e  th i ckness  e f f e c t s  on t h e  l i f t  are more s i g n i f i c a n t  a t  l o w  
reduced f requencies.  S i m i l a r  comparisons ( n o t  shown) are a l s o  made a t  
d i f f e r e n t  Mach numbers, and i t  was found t h a t  t h e  th i ckness  e f f e c t s  on l i f t  a re  
more s i g n i f i c a n t  a t  h ighe r  Mach numbers. 

- 
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Numerical S imu la t i on  o f  Flow Through 
Counter R o t a t i n g  Propfans - Average 

Passage Flow Model 

A new a n a l y t i c a l  model, r e f e r r e d  t o  as "average passage f l o w  model," i s  
be ing developed i n  re fe rence  26 f o r  s i n u l a t i n g  f lows through counter  r o t a t i n g  
propfans. I t  descr ibes t h e  three-dimensional  t ime-average f l o w  f i e l d  w i t h i n  a 
t y p i c a l  passage o f  a blade run i n  a m u l t i b l a d e  r u n  c o n f i g u r a t i o n .  
has been used t o  examine t h e  f l o w  f i e l d  generated by a counter r o t a t i n g  
p rop fan  c o n f i g u r a t i o n  (UDF). 
a f t  f a n  i s  shown i n  f i g u r e  27. 
spectrum rang ing  f rom b l u e  ( l ow  pressure)  t o  green t o  y e l l o w  t o  r e d  ( h i g h  
pressure) .  The boundary between green ( lower pressure)  and ye1 low-orange 
( h i g h e r  pressure)  reg ions is  t h e  f o o t p r i n t  o f  t h e  a f t  propfan t r a i l i n g - e d g e  
shock. The base o f  t he  shock l i e s  a t  approximately th ree -quar te rs  o f  t h e  
span. From t h i s  p o i n t  i t  appears t o  s p i r a l  outward beyond t h e  t i p  o f  each 
blade. 

The model 

Fo r  example, t h e  pressure f i e l d  r a d i a t e d  by t h e  
The pressure f ie ld  i s  color-coded w i t h  a 

Figure 27 
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A p p l i c a t i o n  o f  "Average Passage Flow Model" 
f o r  CR Propfan Noise P r e d i c t i o n  

The average passage f l o w  model developed i n  r e f .  26 was merged w i t h  an 
aeroacoust ic  p r e d i c t i o n  model f o r  CR propfans developed by D r .  F. Farassat  o f  
NASA Langley Research Center. Th i s  merger pe rm i t s  the  simultaneous e v a l u a t i o n  
of aerodynamic performance and r a d i a t e d  sound l e v e l s .  
comparison o f  t h e  p r e d i c t e d  sound l e v e l s  w i t h  corresponding measured da ta  o f  
t h e  CR sca led  model by D r .  J.  H. Di t tman o f  NASA Lewis Research Center. The 
c o r r e l a t i o n  between theo ry  and experiment i s  e x c e l l e n t .  

F i g u r e  28 shows a 

. un z 

2' GE F7/A7, La 8x6 WlW TWNR, DEWN CONWTlON (W0.72) 

FUNDAMENTAL BPF 

Figure 28 
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LeRC Groups Involved in Unsteady Aerodynamics and 
Aeroel as t ic i  t y  

The groups in the unsteady aerodynamics and aeroelasticity effor t  a t  LeRC 
are shown i n  figure 29.  
employees, S u p p o r t  Service Contractors and Grantees, who contributed t o  the 
research effor t  described in the paper. 

Also l i s ted  in the figure are the names of NASA LeRC 
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TECHNOLOGY 
DIRECTORATE 
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STRUCTURAL 
DYNAMICS t BRANCH 

AERONAUTICS 
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D l  VI S I  ON 

AERONAUTICS 
AND ACOUS- 

HUFF. D. KAZA. K .  . GRANTEES: 
K I E L B .  R .  W I L L I I W S .  M. HOYNIAK. D. 
I I E H N D .  0. DOUELL. E .  
RAMSEY. J. REDDY. 1. 
ERNST. M. MURTHY. D. 
K S :  SANKAR. L . 
NARAYANAN. G .  WU. J -C .  
AUGUST. R. 
mss. L .  

F L U I D  
R C H A N  ICs 

F L U I D  
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SCOTT. J. 

RESEARCH AND 
TECHNOLOGY 
A C S F S W N T  

OFF ICE OF 
CHIEF 
SCIENTIST  

ADAMCZYK. J. 

Figure 29 
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LcRC Unsteady Aerodynamics and Acroel a s t i c i  ty  E f f o r t  

The elements o f  the  ove ra l l  research e f f o r t  i n  the sub jec t  area are shown 
i n  f i g u r e  30. These elements cover the development o f  unsteady aerodynamic 
models, aeroe las t ic  models ( f o r  f l u t t e r ,  forced response and op t im iza t ion) ,  
associated computer programs, and wind tunnel f l u t t e r  experiments. 
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